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FOREWORD

The work reported hire,•n, covering the period from I November 1969 through
3t December 1972, was'carried out by the Infrared and Optics Division of the
Willow Run Laborawrie, then a unit of The University of Michigan's Institute of
Science and Technology. (On I January 1973, the Willow Run Laboratories sepa-
rated from the University and became independent as the Environmental Research
Institute of Michigan (ERIM), P.O. Box 618, Aain Arbor, MI 48107.) The Air Force
Avionics Laboratory (AFAL) of the Air Force Systems Command, Wright-Patterson
Air Force Base, Ohio, -omm-ssioned this wcrk under Contract F33615-70-C-1123,
Project 6239, Task 10. Mr. Bruno Wernicke AFALIRSP is Technical Monitor for
the Air Force.

Our interest in the development oi a bidirectional reflectance model is an out-
growth of on-gmng research in target signatures which has thus far produced eleven
Data Compilations listing reflectance characteristics for materials of interest to
the Target Signmture Analysis Center (TSAC) and its patrons.

Some work toward extending the model to account for a non-Lambertian, non-
specular reflectance component assumed to result from scattering within the target
material was performed under Contract DAADOS-72-C-0246 with the Army Ballistic
Research Laboratories (BRL). Under the same BRL contract, the model was also
coded in Fortran IV and an extenstve measurement program implemented and used
in a validatio ol the complete .nodel. Because te present unified model has been
realized as a result of work. performed at WRI.' ERIM under the present Air Force
Avionics Laboratory contract as weU as from work done under the BRL contract,
the BRL -sponsored port!-3a of the model is also described in this report.

This research effort Is continuing at ERIU's Willow Run facilities under the
direction of Dr. Robert Maxwell as Principal Investigator, with guidance provided
by Mr. R. R. LeTo-t Director of the Infrared and Optics Division. The ERIM ram-
ber for this report is 196400-1 -T,

This report w~a mbmitted by the authors on 11 July 1397.

This technical report hs been reviewe and is approved.

Abort W. Berg. Chief
Reconmassance Sensor Developmovt Brench
Reconunance Division
Air Force Avionics Laboratory

.



ABSTRACT

This report describes a method for using bidirectional reflectance information
previously reported in the Eleventh Supplement to the Target Signature Analvsis
Center: Data Cornoiiation f i, 21 and further validates the bidirectional reflectance
model originated and extended under recent contrac's. It includes bidirectional re-
flectance model parameters for a variety of paints. Parameters were extracted
from measurement data reported in the Eleventh Supplement. Reduced reflectance
data are also provided: these data may be used with the computer model or oplion-
ally, in an interpolation procedure for estimating reflectances without the aid of a
computer.

The computer model makes it possible to cal-"late 'lirectional reflectance data
from a very small amount of measured data. Accuracy demonstrated in the Model
Validation section indicates that the model is very effective, although improvement
can still be obtained at large receiver zenith angles. The interpolation procedure
also shows excellent agreement with measurement.
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BIDIRECTIONAL REFLECTANCE MODEL
VALIDATION AND UTILIZATION

I
INTRODUCTION

A model for predict'ng the radiance at a remote sensor must include the spattal, spectral,

and polarization characteristics of thc bidirectional reflectance and directional emittance with

respect to target and background surfaces. In pru.ciple, the directional reflectance and dl-

rectional emittance properties of materials must be known for all source and receiver angles,

polarizations, and wavelengths. A Lambertian assumption may be valid for some types of

backgrounds, but for most man-made targets is scarcely adequate. Measurement of all spatial,

polarization, and spectral characteristics of the bidirectional reflectance and directional emit-

tance for a large number of material samples is impractical. Even if such measurement were

performed, the data could not all be stored efficiently enough to make it accessible for digital

computations. Clearly, an empirical model is required to approximate the 4 ,ýirectional reflec-

tance and directional emittance properties from a limited number of measnrements.

The bidirectional reflectance model developed by the Environmental .•search Institute of

Michigan (ERIM) is described in this report. The model accounts for effects that produce both

specular and diffuse components. In pzrti•ulaz, a surface model relates bidirectional reflec-

tance for all source-receiver angles and polarizations to fixed bistatic measurements and a

Brewuter angle measurement. In addition, the model enables calculation of either a Lamber:ian

diffuse component or a non- Lambertian diffuse component. The latter component accounts for

angular and depolarization properties arising from interril scattering effects. Our extension

of the bidirectional reflectance model has considerably improved the fit between model predic-

tions and mtasured data, as will t* shown in Section 6.

In addition, we calculated fixed bistatic data from reflectance data for 20 materials included

in the Data Compilation of the Eleverk% Supplement [21. Results of these calculations are

graphed and tabulated in Appendix I.

A useful method for deriving reflectance data when no computer is available is also pre-

sented. For this purpose, simulated data represesiting typical sets of parameters are provided

as well as a method whereby typical fixed bistatic data m&7 be used to bracket measured zero

bistatic data for a particular material so that the bidirectional reflectance for that material

may be estimated by an interpolation method as described in Section 8.

• Iii i i [



As it now stands,the model permits generation of an enormous amount of bidirectional re-

flertance data from a very small amount of measured dat.. The accuracy shown in Section 6

on Model Validation indicates 'hat the model is very effective. although it can still Le improved,

particularly at large receiver zemth angles. With the abil'ty to account for elliptical (partic-

ularly circular) polatization now built in, the model is available for use with circularly pa -

larized sources. if these sources prove u-eful in the future.

In this report, we comjýare measured data with results computed from b&h the initial

model and from the extended modeland then evaluate the relative performance of tie 1-wo. We

establish a domain of validity for each, based on material properties. Sinweu the moo-eling is

empirical, only a limited amount of measured data are required as input poramfcis. in thli

case, the parameters are the fixed bistatic data. Therefore, data from the Dnta Cz;).tiU

[1, 21 are used to derive fixed bistatic curves contained tn Appendix 1.

All modeling described in this ruport was performed with respect to o•o wlveienikh, A 1.06

/..

• L..-••.• -... . . •• •-, .•. o • .,• • i.•_,.:.•.......:,_.,: ,.• •:• - .. .. o..• . ..,,. --,• gL• • . . ... .. • ._ : • ,... 1' ,



BIDIREC71ONAL REFLECTANCE

One physiz-al property -,L hich can be measured directly from a sample of material is bi -

airectionai rtxl~ectarxv. The physical definition is

0 (la)

r* r F i I -I.-

where ýE-~, 1 4 ) is the increniental irradiance (power per unit area) impineent on the surface

,)f a material from the drection(-V 1  . And L r(-0 r' ) is the resulting increment of radiance

tpower per unit projected area per unit soiid angle) scattered from that surface in thte direc-

tion (4 -;r ). Figure I illustr-ates the situation. The bistatic anzle. 2.3, is that angle between

the vectors which point to t"e source and th~e re-eiver respectively.

Equation (la) can be rewritt'.n in terms of directly -act -isible experimental parameters as

r
ýA cos 'r :,f

r d 6P* r fib)

i~ ~ I .P

where OP is the power. inwatts. incident from the direction {J,l 6 or, the small area CA, arid

3P ris the resulting power scattered into the smnall solid angle Or1 rin the direction (4 r. 0 r).

When polarization dependence isto be showu, subscrip' are appended to thep term. Thusa
when we write p ' the Ieaibi'g subscript, a C describes the sourice polarixation whi le the trail-

ing subscript. a r .describes the receiver polarization. The source polarization, always re-

ferred to the plane of incidence. describes the polarizatinn state of the electric field vector.

The appende-3 nibitcnpit sycnbols I and I. indicate whether the source electric vector polariza-

tios Is para o , or perpesidicidar to the incidence plane. The reflected elertric field poLariza -

if=o state if ;isicifted by the same symbols. but here the reference plane ts that ret ectance

piano doffs ' yv the sapiplo normal and the direction to the receiver. (For eaample. 0;ro

proso*4 t ectance measured whes source pol;rtization ts perpendicular to the incidence

plase a&,4 tseciver poiartaatioa is parallel to the rrflectance piane.) Nfotice that when either

0 ~the sourve or the rereiver. or tinth, sre scanned in angle over the sample. the incidence and

reflecutan plan.. chswa orietratiom with relation both to the @amp[e and to each other.

Didiret~iosuil rensf~etwe d6"od a" the physical properties of the material as well as800

the geomric state ol its surface. Dtffer&" surfacc states result in different ref lectance,.

Home.. a complete collection at bidicettoyl reflectance data for any singte niate.tal would

royuro measturements of a large number of sample* of the; materiale.tch with a different sur-
face state. Zach sample w~uld! have to be mneasured with seversl source-roelevor poiartsatioa

cobtmtsiaso~. Coe~iseqeWly a very Large number of source aind receiyer positions would be
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required for each set of poiarization states. Firaliy, the entire procedure would have to be

repeated at many different waveleneths. The purpose of modeling is to predict reflectance

data from only a limited number of measurements and hence eliminate the need for an other-

wise unwteidy measurement program.

I ,
Io



3
BACKGROUND IN FORMATION

The bidlrectional reflectare model is based on observations of polarized bidirectional

data from rough. painted surfaces which exhibit a Brewster angle (Fresnel-like behavior in

relation to the specular geometry). The degree of depolarization appears slight, and on that

basis for the initial modelng work in thJis program single specular reflection from the rough

front surface was assumed to be the dominanr reflection mechanism. Multiple front-surface

reflections and internal scatterings were ooserved to 5e smaller and were initially incorpo-

rated into a Lamberti2n "volume" model to account for the diffuse componenL

The assumption that the diffuse component is Lambertlan, however, makes it dilfficult to

account for certain anomalies that occur when measured data are compared with the model's

output. For example, FIg. 2 is a bidirectional reflectance curve showing the rmflectances at

the receiver as the receiver scans over zenith angles from 0& to 9& in the #r - 00 and =r = 180o

hal planes. The source remains fixed at 0. 1 400 and 0i = 180 The upper curve shows re-

flectances when source and receiver are both linearly polarized at the same polarization angle

with respect to the target-incidenct and t'rget-recetver planes. (In this came, both are per-

pewrdcular-polarlzed.) The lower curve shows reflectances when source and receiver are

cross-poiarized with respect to one another. (Source is perpendicular--polarized; receiver is

parallel-ollarized.) Note the marked angular depemience in the lower curve. Uf the nonspecular

com•onent were truly Lambertlan no smch angular dependence would be present.

Also, although 'adlatlon sources in this work art all linearly polarized, future work may

well involve more general cans. Therefore, the model should account for the most general

type of poLarilon -nameily. eliptical.

For the above reasons. and in order to obtain a closer overall corre pomdence between

model prediction and mesured data. the model has beet extended to account for the following:

(1) possible m-Lamberta angular depaenee of depolarisvd composent
(2) shmdowing and obecura•to proced by the rou ghnss ad the surface

(3) elliptical polarization

The modelt pm ow In that Its use require a limited sumber of messure-

me -is described is the seat two sections. Bectoa- .t* e.•Kl s a discuasson of specular re-

fletamoe from the smurfce, effects ca•ued by shadowing &am obucuration remsting from surface

rongkomss, and polarlmatios effects. Section S describes the vohL.-e modeL

10
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SURFACE MODEL

in this section, we review the surface model and also discuss the interference effects that

necessitated model modilication.

4.1. AVAILA4BLE AREA

if the rough surface is considered to be made up of small sequins having a distribution of

orientations, there will be some specular reflectance at avy receiver angie and the extent of

that reflectance wiU be dete--mined in part by the amount of surface oriented for specular re-

flection at that receiver angle. (The area available for such reflection will also depend on how

some secqins shadow or obscure others.) Since measurements do, in fact, show a reflectance

distribution over the hemisphere, we assume that the above description is valid and that there is,

indeed, a distribution of surface areas which have normals pointing indifferent directions. There-

fore, to establish the distribution of available sur!ace area, we define a density function -(, Z)

which describes the relative density of local surface normals (per steradlan) pointing in the

direction 8•, #).

The effect of the distribution of surface normals is measured by a zero bistatic measure-

ment in which 'i " 'r and #i s Or- (Note that we really use a fixed bistatic scan with a smal

bistatic angle. A true zero bistattc scan weuld be very difcult to obtain since source and

reemver obviously cann• t occupy the same ositian.)

4.2. TRUNEL COEFFXCIEN'r.

Fresnwl reflectance coefficients describe the reflectance and polarization of specularly

reflcte radion as funto of source and detector positions and of the complex index of

refractios. However, since we are trying to find reflectance as a function of sogrce and de-

teetor positions only, we nIst kow -- or be able to determine -- the Index of refraction. (As

dLece..d atetr It this section, -e can determine the inde by memmriag the Brewster angle.)

Sice, in the surface model, we consider only sinud, local speculr reflectiow, the Fresnl

equatwm autematleally accoust for polarization.

if th receiver subtesnd the soUld angil 0fi from th sample (se ft. 1) the solid angle
6J2 in ublb local surface wiomals must lUs to permit coIICSoftb the local specularly ro-
flectsd radiation by the recetver ts gives by:

on r

Th. solid ano@i cs eoered about the direcfton ( ,



Let •P. be power incident on area 6A. The fraction of surface area, OA ý o -which

reflects rad:ation into the receiver is given by

n nI
Ttte power incident on JA e.. is

A)l

6 (r9 
Cos

Sn n(4)
5 6A cos O(

i •

Since the Fresnel reflectance, R(3), is just the ratio of reflected power to incident power, then

OP R(3O n cos a (5)
r CAos 'I

OP
r

0A cos t 6nl
Recall Chat in Eq. (lb): p'(O 1 67r' d6Ir r SubtAituting Eqs. (5), (3) and (2):

.P'(I'*i; r'6r " 4 coo Cos 9 (6)

By considertng the case when smrce and receiver are In the same position, I.e., a zero

btsta2%c (J3 =0) case, 0 . -0 can be de.ez-mined. In this situation

) R(o) (a )

andS' h)Cos'
•p'e, ; .•2 (8)

Now substitute back itMo q. (0) Wad

Equation (9) Is an expression for the bidirectional reflectance given to terms of measured

. data and Freml reflectance coefficionts. However, to evluate the IFresnel coefficients so

they can be used in Eq- (9) takes a UttW worL For eoxample, R(.8) Is a function of the real and

I maglnu parts of the compla tende x rof raetlon, ' Wa - Ik (see Rdf. 3 or Appendix MU).

Thersiore, a aid k =Am he found beob. R(a) caa he determined.

je L- M



Moreover, kt is taken to be very smaill so that n can be determined experimentally by mea-
surig te Brwstr agle, 9B and then using n =tan 8 to solve for n.

4.3. SHADOWING A.ND OBSCURATION

Referring to Eq. (9), we can derive a zero bistatic curve, p' Lo 6A; 81,4A'1 from a loi

Or ~ ) cuv wih81 ,fxdadO variable by inverting the equation so that

0 * 6 # R (S)'*i'ir~r) Co 01 Co0r (10)

after doing this for a variety of 0 .we found that the curves obtained differed systematically

from those obtained from a fixed bistatic measurement. Apparently, because of suuface rough-

ness, some sequins shadow or obscure others; this reduces reflectance everywhere except at

a purely back -scattered position The model must therefore be modifiled to correct for such

interference.

Torrance and Sprrow (41 have developed an a nlytical function that helps correct the oit-
mation; howev"er, we have constructed our own function using empirical considerations only.
Our function results in better agreement between measured and derived fixed bistatic curves

thea does t%@ analytical function oi Torrance and Sparrow. The empirical function (SO) is do-
flueS as:

where II and 1 are parametiers, and 0 ~Is a factor calculatedl from the gownet", which adjusts
the fallaUf rate od the shidowing and obseeratios function in the forwar scattered dlrectlam.

*For the calculations to this st"d, resuIts of pes measuirement programs (11 were
used to establish fte refractive Indices. In those programs, it was determined that the
magnitude of the total index of refraction was close to 1.65; that do Imag~iary part of the in-
den of refrtaction couid be seglected, compared to the real Part; and that the Index of refraction,
for the wavelengths of incident radiatka nd~er consideration (I to 4 oMm). did eat wary apprecia-

.I .



We now modify Eq. (9):

, . R(•)P,(Ol '0a Co 3•'•)~

i r'r) R(;) cos H *"osr (SO) (12)

Equation (10) becomes

SR(0)p'(9iOi; erd Cos a Cos to

(1C
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VOLUME MODELS

The following discussion outlines the r-asontng behind the extended portion of the bidirec-

tional reflectance model. (The extended portion is referred to as the "volume" model.)

Different materials with varying degrees of surface roughness and different opti•al prop-

erties show differences m nonspecular reflectance behavior. These differences show up in the

extent to which the nonspecular reflectance is dependent upon angular pcultion of the receiver.

To make provw ion for materials that do exhibit such angular dependence and for those that

do not, two volume models are used. The following discussion describes, first, a Lambertian

volume model which has no angular dependence, and then a non-Lambertlan volume model in

which angular dependence is important.

5.1. LAMBERTIAN

In addition to Fresnel reflection from a surface, other effects such a migtt take place be-

neath the surface can produce a nonspecular reflectance component everywhere in the heml-

sphere. If the surface roughness as well as the absorption properties of the surface are right,

this volume reflectance may be complete)y diffuse and uniform over the hemisphere. Moreover,

the reflected radiation will be totally depolarized, regardless of the polarization of the source.

Thme, if the receiver Is polarized in the orthogonal direction to the source polarization, an in-

plane measurement will represent the volume component only. However, only half the volume

component is actually represented, since there should be an e diffuse contrbutmion polarized

In the same direction as the source.

The Lambertisa volume component is one of the Input parameters for the model when a

target matertal with Lambertian reflectance properties Is considered. A method whereby values

for this parameter may be extracted Is described In Section 8.

5.2. NOM-LAMBZErrtA"

"M. the basis of the Lambertian diffuse model described above, no angular dependence

W be expetd for the diffuse component. However, for some mat•erIl actual measure-

ments sow that there 1& an anguls dependece. To provide for the angular dependence of tte
diffuse component, the model Ihs been extended by including scattering that takes place beneath

the surftce.

Assuming an eponential scattering functiop as the radiation first ewtere and then leaves

the surface, and -making reference to 7Ig. 3, Yoe conatrnct an expression for the volume scat-

tering component of the bidlrectlomal reflectance as follows:

12
- ................... .. .........................

.o.
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E 0 = irradiance at surface of area A,, where A1 is the area of cross section of the colli-
mated beam and is normal to the beam

E = irradiance on surface element of area A

E = irradiance on surface of slab or area A at distance z beneath surface

L r(8) = radiance scattered from primary beam through 20 !n direction of receiver

= half of angle between target-to-source and target -to-receiver v-.ctors

SX total scattering cross section (ignoring absorption)

)= differential scattering cross section with respect to $, i.e., fo(8)d12 -da/dsda1 a

$2 = solid angle subtended at target by receiver, assuming a point target

=1 . angle of incident beam relative to fixed z axis

9 = angle of reflected beam relative to fixed z axis
r

The objective of the following calculation is to deternine that portion of the primary beam

scattered from d~stance z beneath the surface through an angle 24 toward a receiver which sub-

tends solid angle ni.

First, the bidirectional reflectance defined in Eq. (1) is now p'= L/E 0 with respect to the

slab (see Fig. 3). To determine E 0 :

A.- A coo a (14)

p P/AI P eosn
E Aj= -1o- (15)

where P Is the power at surface of area A.

The irradiance incident on the slab at distance z beneath its surface Is:

Eoe.•l -z/cos L e

El a =E oE (16)

II
where I s icote #I. Hence

-. ,/co. -l
e(17)

-as/coo f

where d11 is the amount by which irradiance decreases Io going from distance z to distance
1-0 %/Cosel D 0 -/coe Or te

z + d beneath surface. Note also thatea p ettesatrn

Iwos f.o the bea on the way in and on the way out of the material, respectively. To deter-
P ~~mine LJ

14~



P r L rAQr cos a power at the receiver (1)

dL r = radiance scattered, in direction of receiver, from one small slab (20)

of thickness dz

Radiance from slab in direction 0 (or ý) can be written:

dLr = -dE o(I ) (21)

since o(q) is, by definition the fraction of beam scattered Into 23. Note that (since we are ignor-

ing absorption) irradiance lost from ýhe incfdent beam ir the radiance of the scattered beam;

therefore a minus sign precedes dE . Hence, if then, is no further power loss

JPr = -AQ rdEi 0) (22)

However, power loss caused by beam scattering occurs on the way out as well as the way in;
/ -0z/'coo8 \

the loss is represented by te )on the way out.

Therefore

-s/co9 rE 1 ALrn OS/ce(
dPr coaArw (•23-)r

Substituting the expression for dEV Fq. (18), into Eq. (23), we ob•n:

-01/eCM0 ( "A 1o()e-ff /cosor\
dl~r = EI.(ae )an n-tnr dz (24)

P prf 'ZCDAId rP 0(87) (25)

0

where the integratioa from 0 too amsmee no transmission of power through the material, i.e.,

the material has effectively an infinite thickness with respect to transmission. Therefore

r Por(GO + 1L(11
rT C Or(COS 0i coo or

and

P o Lcr .r W ÷W (27)
coo 0 Cos --- + (coo + coo r d1



In ignoring the finite thickness of the layer of material, we have also ignored the possible

specular reflectance of the bottom suriace. To account for the possibility of specular reflec -

tion from the bottom layer, it may be useful to provide a parameter function peaked near

4,-0. Therefore, we include all 3 dependenze in a function f (3), and all 3. dependence in a
M n

functon 9 and write

2cei C5 (28)

wbere f(ý3) and (gRA)provide free-dom fcr empirical adjustment. The constant, p represents

the value of p when~ g 9= nd()g(9a)= I-



6
MO(EL VALIDATION

Use of the bidirectional reflectance model requires a limited amount cr measured data

namely the zero bmatKac measurement ) from which complete sets of reflectances can b*- cal-

culated. The results of these model-calcuiaied bidirectional ref lectances can then be com-

pared to correspondtin results of actual measurements. This was the procedure we followed

to validate the model.

Model ralcuLatios and measured data were compared tn terms of p' tthe reflectance), a or

. (the angle of poiartzatoe for tn,- oeam after reflection from the target). and P (the percent-

age of polarization of the reflected beam).

Measured data for materials of different properties (color and roau~uess) were used to

demonstrate the model's performance. T"" materials are designated as A02018-001 and

A02018-002 andare not included intheprev ous compiLa.on(l, 21. Material A02018-001 is a

green paint and material A02018.-002 is a tan paint. The"e materials were supplied by the

Army Balltstic Research Labor-tories for the purpose of developing the ao-Laizterttan dif-

fuse componeW of the model. Trwy were used for validation because Y" amisually extensive

set of meamrenwts• comid be made on them. Mode] parameters are listed in Table L (See

Seetito 7 for deftatiots of nmdei parameters.) The overull diascusso of the model fitting is

divided into f'xm parts:

(1) p" for AP0201-001

(2) p' for A02018-03

(3) polarization anie (a or vr for A0201i..001

(4) percent ptilartzation (P) for A02018-001 and A0C,1-002

In what follows. the or ontatito of the source po~ariter in the aamsurememts of =atertals

A0201-001 and A02011-002 was a" atually perpemdiwalrtu, Wsallel. a at 450 to the plane of

Wseidmuce I* Weied iw offse by °0 in each case. epeelflcaUy, the appioptate correepon-

desmos, shown is Tsble U, &Iusi be recapied. These Ahatta were te Win•o accout wim

the waldatlio caleulatlom were made fa the coumater however, we cotiue to rMer to "per-

pwAlcular," pasrl•l," a&M

.1. REFLZCTANCE I" SAMPLE MATERIAL A0201-M01

Maoeri&[ A0018-0t lt a pee6 paitd serfae. The sero b4otc aewasurrmat with So

potariUStm MCI@ (WO., 10mo0t p-epedleular polarisautio) to shows i FI. 4. (The tro bi-

"otatic dla with parsael -potasrtad maee, although M shwss, hm Idetical charatteristics.)

ThU ser balIV Ito i erply peeked at 0*, failig off roodly to a emtA value at abot

* ,- 6I



TABLE IL MODEL PARAMETERS FOR SAIMPLE PALSTS

Matertia

Parameter A02018-O01 A02018-W2

1.65 1.65

k0 0

--- S 0.044

px 2  -- 50.044

p0.001 0.0500

is is

40 40

gig3 1 1
SA)

( Ap A A'$

1.06 is= 1.06 &aa
01ts a marW als ratt withi *be mm- Lambartana "fuIme madek theoref~

p mvakw a"e nat necessary.x
OOMterial 2018-002 was rum wfth the Labert~am volume model tber*-

fore pV SWoUM Dt be used.

TAB LX IL TRUZ S(M.CK POLAR1ZATIIM AZIGLU

Rnee4ev ?omiAA Asqlas

PUO* ItO*) 1(90*) -450  -4e

0 *ise
*a02t 0 08s 0

*S*-270e so" *
-) iad tsot 4"0 *40



R0201 8 001

11.0

~46
Iii

r= Z4 = S AI *F 0010

'to
LI -*



200. all recetyer polariations, p' shows an ancular deoendence c,,early depa•t•ng from

Laxnbertian behavior. Týe table. c. values for p* , Cos 2 c used in the model
n n l n n' n

was obtained from this meaaurement by reading off p' an p' I at each angle and then calcu-

ating •p' - p" cos 2 
.w h.ere vo is the angle trha the normal "o the reflecting facet makes

yith the fixed z-axis. In zero biatc scans, v. = i {see Fig. 1). (Physically the source
I r

and receiver were serarai• d by 1.8 . Thus, b•th were 0.9 from the true 0 . In the ca.iula-
a

tions, the axis was translated to bring the x-axis into correspondence with 6. = 0.) The sub-

traction, p " elimu.ates the diffuse contribution which wouid distort the value for

P' , * . ,. which is what must be measured (recall Eq. 9).

In Figs. 5, 7, 9 and 1i,* plots of measured data are shown for vi = 40, 6. = 180 and whereI t

r is scanined in azimih planes .epresentea by *r = 0 0, 180; 900, 2700 ; 300 2100; 600, 240 0.

Each measurei•ent plco is followed by plots o data generated, respectively, by the Lamber-

tian model with no sh••lwirg and obscuration factor, by the Lion-Lambertian model with no

shadowing and obscuration factor, and by the non-Laberttan riodel with the shadow-ig and

obscuration factor. For example, Fig. e shows the calculated p" data for 0i = 400 and or as

scanned in the 0 and 1800 azinith planes for the above variations of th model. The m5m-

Wait!s,-* is taken to have a "perpendicular" polarization angle. hI thele in-pl scans

= 00, 1800), the main pak is the 00 aimuith pLaw which is the forward directoo for the

source aWIe of s +180 0. ".te the rise (ia the plot tA measured data) at large zenith anles

for tVe cross-poi•nized compornet. This is a charatertistc which sxwgevst the r.&,ed for the
un -LIAunberttain Volume 1o~.

Surface Plus Lambertian Volume Model with No Shadowing and Obucuratton Correction.

FPlure 6 plots (in solid ites) the model calculaitdn u* the sur ace model ph* the Lamber-

tias volume mol with no correctio for shadowt"q and doecuratse. The following charac-

tertstcs should be noted:

(1) In the # -0 (forward scatter ) a-tmu pla•s, the i IeI fits the measured data

very well betweenm r " 0 a 0r *5 o for 'mathed polartsatl of sow ce aid reesiver.

At 0r "5°°' th ea clcted urno smldeyI7 diverep. Tts in thought to be the revel t
d the f•llure to sacoun for shadowing ad ctbPcrstltm as dlacussed tarlier. At Ir

0 0° sa an into the bIckwattered (0r e Io*) d&rectiso, the calculated values us

above the measured vales a md this. too, ts believed to be the result d the lack of a

shadowum w dand curnt- cnrvct ton.

(2) In the cross-poarlzat ion component (±1). the model predicts afW response *exc'p

for a slight mp unde the specular pea. The measured data, kowever, show a

a Isar anmular depesleoe son 0

*Vat*-. M all repwints of origlaW computer plots, the symbols 0 sad * an represented
by and 0 Ats!00 taw*

30
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With the exception af these two characteristics, however, the surface plus Lanmbertian volume

model with no shadowing and obscuration correction fits the measured data fairly well.

Non-Larnbertian volume Model with No Shadowing azndObscuration Correction. The dotted

lUne in Fig. 6 show a m e'plot using the same parameters, except that the non-IarnbertianI

volume model is now used. Keep in mind that one may use the non-Lambertlan volume scat-

tering as a model by itself or in conjunction with a specular component. The latter is used

here. In the like-polarized component, nothing has changed from the previous case. However,

the cr-as-polarized component now fits the measured data much more closely. It rises steadily

at large angles, both in the back -scattered and forward -scattered directions -a result of

L, (coo di. coo 8 ) dependence shown in Eq. (28) for the volume model. However, the responser
for the like-polarized component does not drop~ sharply enough at either side of the peak, and at

high angles in the forward-scattered direction, the awkward divergence still appears at 60 0.

Thus, the non- Lambertian volume r'oiel improves the croon-polarized fit (with respect to

material A02018-001) over tha of the Iambe'tian volume model and, 4Apart from anomalies at
high angles and near 00, provides a reasonable fit to the measurements.

Non-lamberttan Volume Model with Shadowing and Obscuration Correction. The dashed-

line curves in Fig. 8 show results with the shadowing and obscuration crirrection applied to the

non-L~ambertian volume moI calculation. The crs&-polarized component is unaffected. The

not effect an the match-polarized coomponemt is to rued=@ the reflectance everywhere except. at

the specular peak and at the direct backwafatertr- peak (i.e., at 0*0). In particular, it lowersi

6, - forward -scatter contribuions beyond 500, brInging the model closer to measured data in

this region. Overall, the f it obtained using the volume mIxe viM a shadowing and obscuration

correetion agrees closely with measueenets.

The for egoing discussion applies to "in plane" r eceiver scans-those in the* #r 0 and

#r - 1800 azimuth planes. noe auimnuh plane perpendicular to the 00, 1800 plane is the 900,

polarized *ownc* agai. In this came, bowe.e., the tacidence plane is perpenudicular to the e
fsection plane. At 0 a 0. therefore, p' in plane s to O same as pt Out pf lane. For this
reamso, the refleetances dt match-polar ized and cros-polarized components seem to exchange
behav iorn the out-at-plane eonlguraon, as is verified by the plotted measurements as well
an by the model ccutin.Figure I presents plats of a Lumbertia model withoed the shad-
owL-g and obscuration; factor, a surface plus uon-Lambertian. volume model without the shad-
owing wad dwacratlos factor, and the surface plus mo.-Lanaerttaa volume moilei with the
shedowing ANA obcr tio actor. As Weore, it it apparent that the use at the aon-Lanbertiaa
"obame model pbethwe sadowIng and e obcrtion factor improves agrement between model
and Smeaurements so th4t apart from a possible ameall seals factor, the agrement to within

swmeeneree fluctutadim
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For additional validation, plots are shown for the 30, Z10~ azimuth planes (Figs. 9 and 10)

and for 'he 600 240 0 azimuth planes (Figs. 11 and 12). The characteristics of calculated aId.

measured curves, apart from a scale factor, are in excellent agreement. Figures 13 through

20 rer,ýesent sitailar comparisons for the case when the source polarizer is set for -450 (En
00 0 0 0 10the 0-180 '.zimuth plane) and set parallel (in the 30 , 210 ; 60 , 240 ; and 900, _71 plaes).

Measursi. plots are presented with the calculated plot to represent the surface plus non-

Li -rtian volume model and to include the shadowing and obscuration factor.

6.2. REFLECTANCE FOR SAMPLE MATERIAL A02018-002

Material A02018-002 consists ot a tan painted surface.

Based on the zero bistatic scan, FIg. 21, material At02018-002 appears to bz! somewhat

brighter than material A02018-0O1. Whereas the non-Lanmbertian volume model was clearly

the best choice for material A020184,0l, it Is not in the case of A02013-002. In this latter

case, the best choice is the !ambertian modeL-

The lack of angular dependence in the reflectance of the cross-polarized component couldi ~have a number of explanations. Multiple scattering increases for rougher surfaces. Since such
scattering may not be angular dependent, It could becom, a large enough factor to swamp the

angular dependence which in otherwitse present. Moreaver, the difference in color between the

green and tan certainly alters the absorptiona Ad, consequaently, can alter the angular dependence

tn any case, the appropriate -ode to use ca= be determined by locking at the cross-
polarized component of the flied bista te sca. Nf a clear angular dependence is present, the

ano-Lambertian moe should be ned. But If there is little or no apparent angular dependence,
as with material A02018-002, the& the LcAwbrtsan model Is more appropriate.

In JIgs. 22 through 29, plots are provided for different aztiz planes, beglzmling with the
pltfrmeasared data, follawid immediately by the corresponding plot fr am moe calcula.-

to this group of llna~trations, YWg. 22 Oiuvagh 25 represent perpendicular source po-
larization, whileFigs.26 truh2rersnasoreprle lrito f t 0,180,

these present anomalies.

6.3. POLAIUZATI~rAGZ(drRSUL
The refloctances of thIepniuaradprle f ieryplised

beam vary as functions cd the source-recetir angles und the Index drfato h target
materital (fte, for example, the 1r1aa equations, Pt. 3.) Based a b tinth aftex
of refractim Tufte littlS Ovef IL wide I~ at n.M murfaces. Far the particular matertals
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covered in utfis retort, thie variation. is consioered to be zero, Therefore, for these surfaces,

polarizationi angle is esse.ntially a fiwnction cnh- c suurce-receiver positions.

As additional vaid~ation~ for tite modtel, predicted polarization angles are compared with

polarization anzles extracted from the mneasu.red data- Fietares 30 throexih 33 show plots

obtai m6 .0aimt laed for th~e 0% 1 isO0: ýO 270 a: 30% 210 a: 60 , 40 aiihrns.Measured data

represent material ADZ018-001. In all cases, Wxeement between measurements and calcu-

lalions is excellent, wtth the average di3Oa.rw tV maren than IOT. In particular, the dramatic

agreement bet-aeen measurements and model ui the 30 , 210 and 60 ,240 az~u~tti planes

c~msitutes powerful verificationi ci the mouel and affirms itt* usefulness in arbitrary asource-

receiver -ewittons.

6.4. PEFCENT POLARIZATION FOR SAM PLE MATERIALS AO20l8-00t AND A02018-002

.Perevm~ polarization ;P) validates t"'. ratio of surface -to -volume Contributicrs to ref lec-

.enc. Percent poiarizax ion depends on both polarized reflectance and angie o( polarization,

both validlated in earlier section~s ci this report. In this section, we conmmr model predic-

'tons inth percent poianriaion valuaes extracted from measuvred oa-ts

Ftgures 34 and 35 ilLustrate deitre of polarization for scans at materil A02018-002, for

prepem icvlar and par'allel sources, respectively. The validity of the model is supported by

the lcoe cmreirv-laxtn between the beh~avior of values extra~.ted fromn measured data and those

calcutatea with~ the mdL

AMditiIati conirutInat at the model im rcT-o d in Figs. 36 through 33 wherw pereei

po&'izulk= pWot are gtive for matertal A02018-00l in the 0', 180* wid 90 27400 ajimuth

asle piawe,
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7
MODEL PARAMETERS

This section briefly describes the model parfzneters that can be used in the bidirectional

reflectance program and explains how their values ae derived. The choice of parameters for

use in the program depends to some extent on the mode of the model being run. Basically, the

model is run in three different modes:

(1) Surface and Lamberti;;n volume components

()Non-Lambertian volume component (no surface contribution included)

(3) Surf-ace and non-Lambertion volume components

Therefore, we have grouped the model parameters as follows:

(1) Polarization parameters

(2) Su;rface model parameters

(3) Laniberttan volume modp.l parameters

(4) Non-Lainbertian volume model parameters

(5) Parameters used to generate typical data for comparison purposes (see Sec 8)

7.1. SOURCE POLARIZATION PARAMETEMP

The present model has been designed to account for polarization dependence in loth sur-

face and volume components.

lathe surface component, polarization is accounted for automatically In the Fresnel ref lec-

tance coefficients. In the most general case, such polarization can be elllptliral and can be de-

composed into linear and circular components. To date, only a linearly polariztd source and
receiver have been used in measurements.. However, for some applications, circularly polar-

lIed souarces or receivers may be of interest. Therefore, in the model, we have provided pro-

gram subroutines which take into consideration the ellipticity and handedness (i.e., direction

of rotation in an elliptically polarized source) of both Incident and reflected beam.

For volume components In both Lambertian and non-LambertiAn cases, it is assumed that

reflectance will be depolartzed to some extent. In both cases, In fact, we assume total depolar-

lIxtato. Ther-efore, although a depolarization factor has betaincluded tn the non-LAinbertlan
volume model for future flexibility, we assume DKS~) u1.

t -W'oorc* polarization may, most generally be defined as. partially polarized with the po-
barixed component elliptically polarized. The state of polarization of the source will be defined
by its degree of polarization. P, and parameters A, B, *k, and H to define the eUiptical pola riza
tics oc the polarized comuponmnt. Here. A and 8 are the intensities along the semk-ma=)or and
semi -minor axes, respectively. T"he angle ~'is the angle between the semi -maj)or axis of the
ellipse and the direction rmaktona inthe plans ol incitnce. meuasred loolting ino the souear.
beam, ~'Is equivalent to a except thait &0 S W' IS&i and -go S I 9do The handedness H
* *1



The Stokes vectors pmovide a convenient formalism for defining, the polarization state of

the reflected radh~iace. (Reference [5] proviaes a general discussion of Stokes vectors in this

context-.)

Icos 2x cos 2V'

sin 2X

where!I and I are the polarized and unpola~rized components, respectively, in the rtflected
pU

radiance. The degree of polarization in the reflected radiance is P = I1 (I~ + I ). Angles x

and ;P define the polarization state of the reflected radiance: ý' is the angle between the semi -

major axis of the ellipse and the direction normal to the plane of reflection; tan x = 4A

where A and B are the intensities along the semi -major and semi -minor axes of the polariza-

ton. ellipse arnd Cm X for _ handed elliptically polarized radiation-.

The RHOPRIME program produces the Stokes vector S for unit irradiancc in. the input beam;

the area may also be defined to be unity and then S represents a reflectance Stakes vector. The

program also produices the components of the reflected radiance transmitted with a receiver

poLarization analyzer oriented parallel or perpendicular to the reflectance plane for computing

At 1 andp

171. StIEACM MODEL PARAUETERS

oeof tequantities InqF. (9) frmwhich p'(9 V 1 0e y )Isdtrlr is p1(8,% 61'

co2  Asprevtouly discusaed p' (OA.A'# 1; 0 A)I sobtained from zero blstatic data.- values

for #(Q.~ .A)O 8 A must becalculated (preferably for increments of two degrees) and

made Into a table which is mne of the model inputs.

a and k-. These are the real and imaginary parts of the refracttve inden. As discussed

earlier Ultigr~ report, they, are used for the determination at RLO), the Fresnel reflectance.

VWW fo aand kaeestimated for the pain surfaces In this sbidy. heaver, CA* surface-

WWAint sapias, a Is taken to be 1.55. Tor a given sample, a and ký can be determined sac.-
rattly by measuring the Brewster angl, and calculating a and k as outlined in Section 4 on the

surfce ode. At the present ttme the program used, RHOPR~hIE, does not do this.

r and 9. 77ese parameters are used In the function which provides a correction to the

program to account for shadowing and obscuration, effects resalting from the roughness ol the.
surface. ,Vaseftor i andQI hare bees selocted, based (in observed Ohaacteriattea of reflec-

'71
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7.3. LAIMBEHTTAN VOLUMNE N1OEEL PAR.AME'rES

Pand p,. These are the cross components of pularized r,ýdiaticri used in. the mnodel to

account for the diffuse contribution, p 1  
2p, aind px 2p, w here p, andi or p1 1 s

terminted by taking the average value of the cross component from the mea-ured data. Ac-

cording to the reciprocity, theorem, p~l pX [Ref. 81. It is important to remember thatp,
values only used when thevolume scatter model is not used. When the volume model ib used,

7.4. NOIN-LAMNBERTIAN VOLUME MODEL PAPA.METERS

P'This represerts the non-L-ainertian vo lum-e scatter component; it is determined by

extracting p or p' at the point which would lie under the peak ox the zero bistatic scan it the

measured curve were smnooth; pV = 2j' 2*at the peak point. (The fact that a hump some-

times occurs on the measured cross component curve is discussed mn the section on Model Vali-

dations.)

Here again, it Is important to remember that when the Lanuberttan volume model is used,

PV= 0 an 0. When the non-Lambertian volume model is used, pV * 0 and p.= 0. Also,

jP n are never simultaneously nonzero in models which have been validated to date.

DPU3 X f W(), g(eA). Integral parts of SUBROUTINE FUNC, these parameters currently are

all.ýet equal to I. They have been included to provide flexibility for later model modifications.

7.5-. PARAME TERS USED TO GENERATE TYPICAL DATA FOR COMPARISON PURPOSES

As will be discussed in Section 8, available data representing typical material parameters

are sometimes useful. For this reason, the model contains a sut*'-efi-ine which can generate

zero bistatic data, given a suitable set of inp~ut parameters. 7oe pa.-ameters are: a, RPO, Qi,
and Q2_ Normally, however, actual zero bistatic measured data are used, and a 0; RPO 0;

Q1 : Q2 =1



REFLECTANCE ESTIMATION METHOD

If one has sufficient information about the target material, reflectance data can be esti-

mated without the use of 2 computer. In p-articular, as discusped earlier, the 4ndex of ref rac-

tion and a fixed bistatic curve are the necessary elements from which to extract the necessary

parameters. For the sample palilts used for the data compilation, the index of refraction is

assumed to be totally real with n 1.65 and 1, = 0.

In order to use the above inf ormation to generate reflectance data, a set of typical fixzed

bistatic. uLd bidirectional reflectance curves has been generated. These curves are iutended

to simulate a r;ange of paint types from which refleciance values f or a par-ticular material

can be estimated by an 'uterpolation. procedure b~ased on fixed bistatic values. Typical curves

are given in Appciidix IL

We first f Ind the position of the fixed bistatic for the material of interest relative to that
ct two other fixed bistatics for materials on which we have comp~lete reflectance data. We then

assume that the same relationship between the three materials will be .naiatained in the reflcc-I tance data- Theref ore, by interpolation, we determine the bidirectional reflectance of thP ma-
terial of interest relative to the known materials.

To proceed, we must now choose parameters that characterize the curves and provide a*1 basis for Interpolation. The parameters selected arer

(1) the ratio of peak value to that value at which the curve begins to level out or, if it
j ~begins to rise, the point of minimum reflectance (this is for the like-polarized comn-

(2) the width (in this case, angular distance between peak point and leveling-out or mini-

nm point , of the fixed bisttic curve; for most materials this width is close enough
to 0o to be aonunied constant).

(3) the Lambertlan or nnu-Lambertian character of the material as demunstrated by the

aranula depende~ce of tlhe cross component In the fixed bistatic scan.

-In tie following subsections, we first provide a mtep-by-step outline of the interpolation

jwo "sr. The sanm step-by-step procedure is then applied in an example worked out in do-

8.1, PROCKIURE FOR ESTIMAJTING REFLECTANCE VALUJES BY DMlRPOLA71ON

~(1) Select the actual fixed blatalic curve f or the material for which reflectancee are re-

'Low.



'2) W'ar :e refiectance A(t- o eA& vaijw 4 the eurre iA4 the in~iniumao Yiur (or

Atr eC~irvcr he~ta to levitl out Iro,-.(r ;he rki Take tle r4Itu if !'-ee t w- yah~ies.

32 Select vi-) ge-weralecz fixed Dv~taf!c wvei'.1ch Am'ear to Orac~e am~ Z:-.SAwed curv*
-blI r~see!t ratio 4escribed mo step ý2

4 i N,)rmalu& X" 0 tr"e cutmr to tbe sa-m pea valw and ter min Um nor uaii..zaL1

factos.

-5) V th~e Li.Ceburil e".r lies rhetuet Mt two referien curves, I*WCee an WLZ* CIOc 10ai

iQ !%c a~prezi=rnýe vaia for mintma or wiettag mai for mat~ m~ateaLas) and deermime the

pu ton ath 11'*rasured DmM between~ the potims m it,. two artlictai cur-ves. n-0 fractAC (A

r.dtitaxwe oetwv" --* two rvterence c-urvw pouie at wtnch the ineasared curv* rartA* lies is

theq Isk~ as ai wiaerpo&4a)n factoyr, lY. Thus factor Will be a4pplied to tbe r#4erence ref lee-

ijoce curves t~u obtai refk-ctac values for tre material of intorest. ff the ameauraed rurv*

dims not Ise betweeii the iwo a~rtdicWa curves, the piticeourw is oaw ot extrapotiatic* and the

ýJrtw fact.,r will suil be soft &ractwa cV the diht.ac between tte artificWa cwrVe points.)

-6) Fo tfi desire ser* ole(r- 1: 2 0. 0.o 6) * , &eject reforence ref lectance

curves I rota Appremdn U uvimc correapoW ta the I iid bi",wi eurms.

(7) Ueai 'VI Oh reftecun value for the rae. r~ curves for each receiver (~axgle.

(8) Midttpiv botb ref ectawe cuam, by tOw saa factor so"0 to wirma~lize Other corve-

spoot"g tizhe bisatics.

MI Ustag the w.aIev~tai* s for eutrapinl*iu factor. , IF. rredi in step (5), ftnd ith *iti-

zmatod rw!.bwlaewati for #Mb Poatbn ad

Maie* T%9 abwew ewoous torne to wwwauzed fixe Wsta'ic v .'jes. To &vt the

~oabee nt~lectawe Tajoe we mo 4V owl Ohe woreIeal"t ir.

10) 0 nb vai w stevei ,oo Mtbf uOwwrm iimsn factor & flowe in o, 4) for the maievtal

94. APPLUCA I 09 P(XTCVMK

We will *a timle f"e P t ow or~ 0 61. .4 % the f ixed biwatel tar Seinple A01440

se shon if rIq. bO, Appw L We atll Mom eanwm Ow lie flee nle pei~e *Ai.' wUa

arebw Meservyese rarve as pw I Is of11wb Dwas Colheist ("4. 21. The wimbe prewere

will be tar""s 40 so m~ 4101114 1"

11 t) j4 A#1#40# %Me bO mk~ eelas me b (tae-6ai.'g Ce"V d i r bO $9 Wil be Up"i

(lj' p) 0,IM 0 17



13.1 Seiect. fixed bw~isac curves fcr typicAi rrualenais 2 and 3 (use Ftgs. 63 and 6-) *ith R

rakwes Mhat bracket 3-71. :1 LA Convenient to r~racaet tre Tabu* but not 7b*say) T two

vaLziLs can oe used t0 extrapoute tlu Any vatue.

A4 & 5t Nnajize A01640 and materWa 2 to the peak of zatertal 3:

Material a Ile-A&Wrd Vahle Norm-akisne Factor %,or'maiutz Vahme

A1640 0 a016 5.62 '0. -9
I3j80.035 5642 0191

2 0065 1.38 0.9
1390.035 1.38 T949

3 f 0* 04, 1 .6.9
1.30 0 3.18 1.

For tm1*poL-a_.cmt ww higboss waking as ref re7~

ls103o~u -~4 p IF- 1 -0:7
P3 -'2 U _0 0.131

moate that o* ref ers to p' for "aeral 3: similar svimboepun mlowdaes p" and j.

(6) Forri. 40 0, um zj~u (Fig-. 79), and mawteru 3 (Fig- 87).

00

f or

Iorwrg*,afl2 tg la Va4 son r 0) pY 0) T20 180 *ftw iii 4drt ha 0

~.raS2:0,041 003 048 @

matortail: 0.32 037y 0.44 946 .3S.

o~40.0 pY.O1

(10) DIY 5)M P so ro sae (17)by I"'j mo-itt -wo fo eam j) mmosr A6164M

We bows Smam taim PlutO bdtiwtkmlit ?efetam VON" at* 0 4900for mader Ia

AO44A d te DOt& C~IMpWawho"euv 0 *0 And 10* &0 A 40 IA ba.b to boohoWaterd



Sice measured ralues fo cthtkese -,L-fleczces ar'e avaitable in ine Caia Comiltionc f 2j,

oe ca. nciw caoriare tre to (ýPr zierm--i vatles to a-erfme how wad the interro1.tiam

mzemo wcir". As pWg 118 of th~e Ekta Coimp&auon saws:

r. :40,0) 0.04

(20,0) - 0 G42

(0,0)0.5

~. 190) 0O. U

(40,100) 0.7

RecaLl, however, thata i~r true siwf ace ref~ectzme:-

Therei or, the cross -coamxmwas reac from 0Ai &Law measwemm" Curve are:

(0,C) 00017
p,1 (

2 0,1 8 0) - 0.018

It W4. 180) -0.02

CtIculattag p' -p', we obala 'be foflkmag coam~iarm-

P, (20.0) .0.027 9.023

p 1 (4 0.0) 0 04 2 0.035

p 0D )034 0.845

(40 180 0 0.44

Mw agrwinmm appws 6b be awalest, the barge.s disemrwpsy &~mlag to abu SqW



'- Appeatiz I
Fn=ED BISTATR DATA FOR PADfTS FRC

DATA COMP!LA-1ON

In Bection 4-3 o shadowing and oscura•rcn, we shwd that Eq. (10) could be used to de-

a fixed bztatic curve as a fumction d soarce-reco"rr positi. Bet by so dovus. me 0b-

son*g varji~ato of fixed bistatic, curves with souce position. The shadowing and d~acra-

tIo factw described tn ,seam 4-3 2Wkis a frs correction to the basic caloa±±ca.

A fwt Ms correcuc may be appiied by averwmg va•l-s c**amd in the f ir correctio.

Fixed b-,stgic carves for 4 mmpies from the dUa coitton have been so derived and are

idsd i ths report as Fla- 39 thro $2. Eack ftipi- lacides litming of the faced bi-

static blkawctoaml reflectances as a funao at 0 in ect.spondesce with the curve.

-<~~ ft= Kam :-nna*- .

dilI:
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Appendix II
BIDIRECTIONAL REFLECTANCE DATA
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Appendix IMI
DOCVIIENTATIQ( OP B IEECT.ONAL REIFLECJACE PROGRAM (RHOPRDME)

Program RHOPRO~W is the ynaia calingW Program for smbroaines to read and stoe Ma-

terials, data, perform pamietnical calculationis, eompfte bidirecturtal reflectauces 10? avy

souxce/reco Wer, poettkm arnd polartaatio, and prepare the ou~pr. in a cramveniet formeat. The

calling seqvane, purpose, odcalcueudaios performed by each Suibroutin ane giea below, I Ol-

loved by details on the iupv data fma.

13L.L J~R rCMW OF SUBR0MUTTIN
SURCUnTIE LDATA. This is tOn first subroutine cafled. Material parameters asiee

for di. canlcubftw d bidieectma rttlectAmo. are read and storedi. XMateral parameters are

MAT material spectf let

V at5a real part of rdraettv* ae

K a k -imaginary part Cd retract1,e inim
m= a~ P 1 dtffm r~etc for I. poartoza source

f= SP x2ýdfs reflectance for I polarized saircet

PT } w lm~m avaflet~t cajua.e ~;''A>'

pw~4)}m rainbjew to eaftlatew a #Ae iioesatc ý% oh p

aNZ -a*___

%[L -A VAN gar (49tail) I.see nd to IAN" taw prbed aeA fth W-

_M *sum - W it wsoit~ airelocaftd asui-bA4b -but"s ITcots
we syMlim "0 ftI 00m d As *ad varn"I weo d So v"Acetbe mwfe an uea
ovum"n) It as to deakulU.tw~ to SOi N d*a b" as Mal weOCU dBIlWA to

C- n 6"Cfla**tate "" WAe gm$! srPoaWas ami &arm@
"parSUMi for eet lllm Ct W~t~ui ,ule#ia ftSe.

44r
00miWSW& li , i,.



~SW model selector

TSznith xn~zie d4 s&..irce (dleg

PS =az~rnui angle I source d)

TD t enith angie off receiver (de:;)

PD zazimuth angle of receiver -deg)

A =intensity of major axs of polaznzatiofl eLlipse

B -intensity of minor wtis ci. polarization ellipse

SI=agle df major axis of polarizazion el-lipse from- the norma~l to tne plane Uf InCidec

tneasured CCWV 1cocking linto the source, -3 !s PSI s 180 (deg)

P - polarizationi at source (0 ý p -s 1,0)

R= handedness .3f polarizaticti ellipse (±1.0 or 0.0)

MIG material specifier

SUBROUTINE SCAN. Thi',s subrosutne dt iines a s.aquence at detector pesitions for a speci-

fi~ed source position an~d pol~arizathio.

ISW =mxIi selectar

TS a zenith angle at source (deg)

PS a azimuth angle of sorc (deg';

TIE start zesuia ::.g3e ot receiver (deg)

TDE end :on"l~ anle cf receiver (deg)

IS I P - zeafth w!@g scaa increuiemt (deg)

Pfl5 start azi-39 anag's ot Erceivor (deg)

=D *ad aximigh anW at i-ee twer (deg)

P5137 a azisrab Lugle jcas incremevot (dg)I ~A - I*Suafty at major a liat polarizatku allps.
*~ & tntesatty at wmoor =xIs at pohLrationl s#lpa

PM a angle of maj~or azis of poartzattas ellipse fromu the nornul to ths plane of Incidsmce

insauwd CCW lsvttng bito the booms, 0 11 PSI, 180S (deg)
P a Pciartistim df *varc ( s PS %IM

isU3Oe D kadeaws d hl "r fLbfon Is .ip s the or s. gsomIclt~~ca

aqPMO seeed for th WifrsctlCM rsileetaae s~katcia~oa aMw 99. ).

1) a ,,2is a us wecia aSI d teasra-fbad Z axis
M a il 4d aI the w)we &xU~ cf poketzaxtIn @149se from the vor=U vector of the03

I3 plaw wseavird CCV 1o~1ta Irto Me scami, 0 s M5 s ISO WSo)

Os 49

Ot g2~iT

V;
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YA OR~ D~

XA E

E- D i

XAP= OP E*

top El

YAP =OP xD
OP X D!

CcS3DP = OP-D

COEBEP = OP E

COXBBNP = OP X

PSIPE = PST - SIGN(-XAP -OiR)ARCCS(XAP -Y)

-angle Of major' axis of polanzuztion z~illpse from they norm~al vector ct the OP, E

PSIDE - PMJ - SIGN(Y -D)ARCM(T(. Y)

-angle of Major an& of poiartzation ellipse from the normzj vector of Lhe D, E

plume

WADE - SIGN(-YA -E)ARt(XC(XA -YA)

-angle for transforming the xp*awgls at po~ar1.ation from E, D plane to OR, D

EDPHI - ARLCCS(XAP -YAP) - the rek±lvw azimuth angle between E and D In the facet

coordinate systemA
DC.. (-SMNBP, 0, COB P) dtrecttio ci sliecalar ray in the facet coordinst zyatom
DI - (SMIDP COS EDPRITF MUBIP MIN KOPHI COMDP) adirectiou of reflected rayr in

the tac4e' coordinate syatem

N-Zl . DC x OPI NZ a NZI x 0C
DN aDI -NZ

PMX a .017 DE '> 0 paamster required In FUIC TICK IFUNC
amv/I .ARCC(-DM EIIDo -(0a for she&arlg and obcuratka

OSEM Mllh OTRI GYM do"e AU al the bidirectionaul mieflctawss ealeuialo. 7be

flwbroti requLres:

7.a sries of switches whipA can be 9et y.- a, to rechee the nwmbe ci redundant compa-
tsloms wttes 07KM la 244d " pert 0' nmultfacetsd t.rxgst model tV

* ~COZ a defined ta SMBOUTINZ 0101

* CCBBDP a defined In 2IUBC7' I=N (COU
CCsnzF a defined Io 3URROXJTIX GROM

1 M&



CCSlN P = defined in SL'BROUTINE GE OM

PSrPE = defined in SIJBROU I = CEOM

PSEDE = defined in SUBROUTrN7E GEOM1

WADE = defined in SUBROUTINE GEOM

AP =are4 of facet (if AP = zero, GFPJAM returns a bidirectkonal reflectance Stokes vector,

if A" *0, GFRM returns a Stokes vector for the reflected radiant intensity for unity

irradiance in the incident beam)

MIf material specifier (available in COMMON)

15W -model selector (available in COMMON)

W = ravelength specifier (available in CORMON), not used

TABIZ = arry containing all ot the materials properties data read in SUBROUTINE IN-
DATA

GFEM returns the bidirectional ref lectance Stokes vector AP0) or radiant intensity Stokes

vechtg (AP # 0).

III w Stokes vector for surface plus iainbertiain -c Ie with polarized sairce

LZ Si-kes vector for surface plus Lambertiaa. modeL with, unpolarized source
113 Stockes, vector for non- Lwmbertlan volume m04ei with polarizad source

12 Reimes vector for non-Lainbertlan volum M Ie with unpolarized source

114 -Stakes vectcr for combined model with polarized source
12 Stdies vector for combined model with unpolarized souree

FIUTIOV GITOAT returns the appropriate material pui'mmaters for biditrectionai re-
nectance, caluhriois, namely N, K~, RXI, MMl RRCY, RCCISBNP, DPO, DP90, F, G.

FUNCTIC( FUNC pxr~ldes the optiusil capability for deriving RCMK7X analytically (if
UGMHA * 0) and for deriving a saldowing and ob~scuritlie correction factor (optional) to the

VC~1 used in tMR specular modaL. In additiott, tbe depolarization factors DPO(B) and
D190(B), am well as 7(D) and Q(BNP) wooeded in the volumi awdiel ame defirad &azmlticall.
FrU WTIC 7um Ca ciWri yields

DPO( U)*L

70)." 1.0

G~52P7 ul.
____~.4 lawfUA1

+ Q3

6 >.

/%



7ne snadoA;i -i and cbscumac fco pid RCBP(easured values read during the

input ph ciseo PH0PR1,ME or defirta aiialv'.Lýaly in FITNC) is

-2B

ONIEGA I
BI3P +PHIEN BEP

OMEGAOMEGA OMEGA

(a) STRFACE-PLUS-L~MNBERTUAN MODEL C:ALCTULATION

'> " 2

N-) K- (W2 * COSB)- .V3

=normalized reflectance for .1 polarized Lincidence

(V2COSB + COS-B - IV13cosBO

(VCCSE -CCOB-+ 1) +V3C(OB-

=normalized reflectance for I polarized Incidence

wb2r CollK B)1K2  + (N _1(2 -I +C08
2 F;

V3 4 NY , (N2 
- K2 

- I + COS:l -N K +CW B) K
2

r: H a the calculationi is made for a plane polarized suirce (polarization angis PSI). Th e

cak~uliafoc ignores the induced elliptical polarization for K e' 0.

PSIED ATAN TANl PSIDE - SIGN (CCSATAN(N) - CC 1

zpolartiatoc angle with r**pect to D, E reference plane, after reflection!

C uif AP 0, then a bidirectional reflectillce Stakes vector is computed

C a.'PCOMEP -COSBP If AP 0 0, then a retlecte radiant, intenstitl: Stakes vector is

11101) -C (M.0' CCS2 PSWK + no - W1NPoDx

11102) C CaBPC MP(O-a P8W! 1RI 0INP P83DE)CCO (PS ED-WADZ) t

HIM C) Lc~ CBSBDP fMj CN PSIDZ RIO -81114 POMSUD)8N (PSIED-WADE)

RS



121(l) = 'RCC3B-N (R R90) IiXU
cLC-sB-Fp CC~fýDP 2 (RX

FRCCEBNP
121(2) C LCcE cc 1a R(O - hRO) CLM (-WAD)E)

TMl(3 = C L -O COBBD!(M - R901 MCN (-WA)E:)

If H = +1 tho- calc~ulationiincludes the phase difference and cllipt~city induced by reflection

for K * 0 and is an exmiwt treatment of the Fresnel equation.

SUBROUTINE ELIPS (AA, AB, PSIDAE H;.AAI? AA2I. D) Ideines the following inu±d elliptt-

cal polarization parameiers: the amiplitudes Perpendicu~u- (AAI) and parallel (AA2) to the D,
E plane and the relative phase D = it- 01. of the amplitades of the major (AA) and minor (AB)

axes of polarization ellipse;, the orientation of the ellipse with respect to the D, E plane;

PSIDE; ar-Z the handedness, H.

DR =*-±induced by reflection

FOR K =0, DR 01if COBB 1ý COB ARTAN(N)
--w if COBB > COS ARTAIINW

FORK I0,DR --v +ATA (I- 9:ý- CF(2

7he ltatnsittes AIR and PARB End the relattve phimat. &A~ pwaflel and perredmcu"&a cocPO-
neat& of the reflected radiance induc by the reflections, "ar

A2R A2*~ -VI

DREDR*D -7;,

SUBiOu iMM ZLUM (AA, AA2, Dik MAA. AMB PE5Uj HR) dofises the *UWtica
Vkpm1tad raie.jted rsdlae a" eapaitode AAR avq ASR of tbe xon~or and mlno vmw the

angl., Cf the *I!#"s rebt~we to noe D, Ig VfZW, PUEDý ad the haxdvdwees, ILý P, =a
PSMD-WADI ts tho angle tkai the pofarla*o&a *Wpme at the roferl. htua mda~ ka vftb

* the amel vector te o 0Rý I) Pam~.

CMI H- a ATAMIAB3/AAR) ta the Varmetev used ta de~Ias the c~liptIcIty of dwe Wefeced

ZVII
A ~ -,~ A

711~.



C -AP CCSBEP COSBDP if AP 0

111(1) =. FAC RR~N (RX1 COS' (PSIPE) RY2 SINC (PSIPE)!T;6COBEP COSBDP

111(2) C IAR ,BR RCOSBNP COS(2PSIDE)COS(2CHI]
LA+ B COSBEP COSBDP

111(3) C~~ B R RCOSBNP SIN(2PSIDE)COS(2CHI)LA -B COSBEP COSBDP

111(4) CA 'BRCSN SIN(2CHII1ABCOSBEP COSBDP

121(l) CrRCOBNP (O+R90) (X XL.COSBEP COSBDP 2 2 -R1±R)

121(2) C RCOSBNP 1R R0 COS(-2WADE)1
'LCOSBEP COSBDP 2 J 90

l~()CRCOSBNP 1I
12() C~BPCSD 1 R9O) SIN( -2WADEJ

121(4) 0

(b) VOLUME MODEL CALCULATION

Ite angular -dependent, volume reflectance model, Stokes vector is given by

113(l) =C 1 2RHOV -F G - COS PSIDE -DP9O(1±DPO)DP90(1-+DPO) COBBEP+CC~aDP~

SIN2 PSIDE: DMO(1 -DP-90))

113(2) = C 1 R0 F [CCI2 PSIDE -DP9O(1-DPO) +
DP9O( 1+DPO) CCIBEP+COSBDP

SIN2PSIDE -DPO(1-DP9O)1 C0S 2 2AD

113(3) =C 1 2RHOV-FG _c PSIDE -DP9O(1-DP90) +DP9O(1±DPO) COBEP±CO6BDP ICS

SIN2 PSIDE DPO(I-DP90)JSUN2 2AD

1231)I 2R1¶OV-F-G 1
123(l)DPO COBP+-D C [DP90(1+DPO) + DPO(1+DP9O)]

123(2) =C 1 2RHOV-FG 1D9 PJ O(2AE
DP90(1±DPO) COSBEP+COISBDP 2 " -DOC0(WAE

1 2RHOV-FG 1
123(3) =C DP9O(1+DPO) CCSBE p+C(~gD-p [DP9 - DPO0 SIN(-WADE)

where

C - Ifor AP 0

C -AP -COGBEP -COSBDPfor AP 0'

88
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The angle of polarization of the reflected radiance, AED, from the normal vector of the D, E

plane is

ADPOD -AA DPO) TAN(PsIDE)
AED ATAN-D ) SIGN(CV D DATAN(N) -

and the- angle of polarization referred to the OR, D plane is

AD = AED - WADE

SUBROUTYNE OUTPUT. This subroutine prints the Stokes vectors• for the bidirectional

"reflectance (AP = 0) or reflected radiant intensity for unit incident irradiance (AP * 0) for the

surface model, the volume models, and for the combined specular and volume model. Stokes

vectors are printed for a completely polarized source,for a completely unpolarized beam, and

also for a partially polarized beam (polarization defined by the input parameter P).

In addition, several calculations are made with the Stokes vectors. For a bidirectional

reflectance (or radiant intensity) Stokes vector, the bidirectional reflectance (or radiant in-

tensity) for a receiver polarized 1 or I to the OR, D plane is

receiver -2

receiver [2j

"where the Stokes vector is o the form:

The angle d the major axis of the reflected radiance and the percent polarization I the

reflected radiance are also given; they are

AL= ATAN -90 s AL-90 (looking into the source, AL > 0 is a CCW angle-
2 BIl AL. <0 is a CW angle)

"+ D1

The output includes TS, PS, TD, PD, P, as well as the input and output values at A, B, PSI, H

from the surface model calculation (if the input H a 0, the input and output values d A, B, H

* default to 1, 0, and C).

SUBROUTINE ELIPSI (A. B. PSL H; Al, A2, DELTA). Th basic equations which relate

two specifications at an elliptically polarized beam (A, B, PSI, H) and (Al, Bl, DELTA) are

tanaa Al/A2 0 sastw/2

tan X*BAfor -r4x /4 S .x w1

.S.

~1i .. it



tan 2 = tan 2a cos

sin2 \ = sin2asin
6

from which we obtain

sin2 2x -tan 2 24',
sin 2a n 2-

I + tan 4

or equivalently

cos 2a = cos 2x cos 24'

Subroutine ELIPSI determines Al, A2, DELTA from A, B, PSI, H

LAMBDA = 'A2 ÷ B
2

If B= 0, Al LAMBDA COS PSI

A2 = LAMBDA SIN PSI

DELTA = 0 when 0 !- PSI - 772

DELTA = 1 when v/2 5- PSI -

Otherwise:

CHI = H ATAN(B/A)

TI :COS 2CHI COS 2PSII

ALPHA = 1/2 ARCOS(-TI) if v/4 :- PSI - 3U/4

= 1/2 ARCOS(TI) if PSI < i,/4 or > 31/4

if ALPHA = 0, Al - LAMBDA, A2 = 0, DELTA = 0

If ALPHA = ,/4, Al = A2 = LAMBDAi4, DELTA = 2CRI if PSI =i/4,

= H'I - 2 CHI f PSI 3r/4,

if ALPHA = /r/2, Al = 0, A2 LAMBDA, DELTA 0

Otherwise

I = ISIN 2CHL/SIN2ALPHAI

MU ARSIN TI

Al = LAMBDA COS ALPHA

A2 = IAMBDA SIN ALPHA

COSD = TAN 2PSVTAN 2ALPHA

Y CcSD> 0 DELTA a H.MU

U COSD< 0 DELTAnH'(r- MU)

SUBROUTINE ELIPS2 (Al, A2. DELTA. A, B. PS, H). Subroutine EL[PS determines A,

B, PSI, H from Al, A2, DELTA.

20



LAMBDA= VA1 A2Z

IfAl=0orA2 =0, thenA =LAMBDA, B =0, H = 1, and

PSI=0if A2=0

PSI =/2 if Al = 0

If Al = A2, then CHI = 1/21DELTAI, A = LAMBDACOCCHI, B = LAMBDA SLY CHI, and

H=1if DELTA> 0

= -1 if DELTA < 0

PSI = i/4 if CHI < :/'4

= 3U/4 if CHI > x/4
A2

If DELTA = tv, A = LAMBDA, B =0, H = 1, PSI =: A ATAN

If DELTA = 0, A z LAMBDA, B = 0, H = 1, PSI ATAN A2

if DELTA = *u/2, H = +1 if DELTA > 0

-1 If DELTA < 0

iHAI> A2, A=Al, B =A2, PSI =0

NI Al < A2, A =A2, B =Al, PSI =w/2

Otherwise

If Al> A2, ALPHA = ATAN A2/Al

CHI = 1/Z ARSIN I SDNOALPHA SINDELTA

LAMBDA = I TAN2ALPHA COSDELTA

A - LAMBDA COE CHI

B a LAMBDA SIN CI

H-*if DELTA < 0

Part 1: 0 < IDELTAI < 1/2; PSI = 1/2 ATANLAMDA

Part 2: r/2 < IDELTAI < v; PSI u r - 1/2 ATANLAMDA

and
ir Al < A2, 0 DELTAI < v/2 PSI - r/2 - 1/2 ATANLAMDA

r/2 < IDELTAI < r PSI - •/2 + 1/2 ATANLAMDA

1II2. INPUT DATA FORMATS

'The input to the RHOPRIME program is segmented Into logical blocks. Each block is Lai-

tiated by a block header ard terminated by an end card. Blocks may be in any order, but a, data

block is assumed to precede any computation request blocks or scan request blocks. If a block

header specifiet an invalid block typeos all Input up to and including the nuxt end card is Ignored.

DATA TABLES BLOCK. The dfat tables block specifies all physical characteristics at the

naterials to be st"died. The block header in one card with the following format:

//



Columns Description

1-4 'TABL'
5-19 ignored
20-25 maximum material index to be expected
26-80 ignored

The data tables block is itself segmented into material blocks each characterizing one ma-

terial to be studied. Each material block is initiated by a material header and terminated by an

end card. The material header is two cards with the following format:

Card 1
Columns Description

1-4 'MATR'
5-8 ignored
9-10 material index
11-20 n
21-30 k
31-40 PX1

41-50 PX2

51-60 P

61-70 SIGMA [f SIGMA * 0, RCCSBNP is computed]

71-80 RPO

Card 2
Columns Description

1-10 ignored
11-20
21-30 fl
31-40 QI
41-50 Q2
51-80 blank

Following a material header, there may be a set co p' data. If present, the p' is a function

ci OA and the 's tamut be in ascending order. The format is
n n

Columns Description

1-4 blank or 'ANGLI
5-10 ignored

11-20 9a (deg)

21-30 P'I'#A; ^,^ 0 Co 2 OA
n nn n an31-80 ignored

WARNINGQ Each nmaterWl block must be terminated by an end card. The entire data tables

block rmot also be terminated by an end card.

COMPUTATION REQUEST BLOCK. The computation requests block contains all informa-

tion needed to perform desired computatlone. The block header is one card with the following

format:
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Columns Description

1-4 'COMP,
5-19 ignored
20-25 model selector
26-80 ignored

The model selector, ISW, is:

1-if specular and diffuse models art desired

3-if volume model is desired

7-if combined model is desired

Following the block header, computation requests are processed sequentially until an end

card is encountered. The format of a computation request is:

Columns Description

1-4 blank
5-9 ignored
10-16 source zenith (deg)
17 ignored

18-24 source azimuth (deg)
25 ignored
26-32 detector zenith (deg)
33 ignored
34-40 detector azimuth (deg)
41 ignored
42-48 polarization major axis length
49 ignored
50-56 polarization minor axis length
57 ignored
58-64 angle of source polarization (deg)
65 ig:ored
66-72 source percent polarization - 100
73 Ignored
74-76 handedness of polarization (if * 0, elliptical polarization is asiumed)
77 ignored
78-80 material index

SCAN REQUEST BLOCK. If a scan of the detector zenith and/or azimuth is desired, a

san request block may be used. The block header is one card with the following format:

Columns IEscrition

1-4 'SCAN'

5-19 Ignored
20-25 model selector
26-80 ignored

One card followvi the block header giving all required parameters. Th. format of this card

is:
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Columns Description

1-6 source zenith (deg)
7-12 source azimuth (deg)
13-18 initial detector zenith (deg)
19-24 final detector zenith (deg)
25-30 :enith increment (deg)
31-36 initial detector azimuth (deg)
37-42 final detector azimuth (deg)
43-48 azimuth increment (deg)
49-54 polarization major axis length
55-60 polarization minor axis length
61-66 angle of source polarization (deg)
67-72 source percent polarization + 100
73-76 handedness of polarization
77-80 material index

TITLE SPECIFICATION BLOCK. A title may oe printed at the top of each page of long

form output using the title specification block. The block header is one card in the following

format:

Columns Description

1-4 'TITL'
5-19 ignored
20-25 blank
26-80 ignored

One card following the block header specifies the title. The format of this card is:

Columns Description

1-60 title
61-80 ignored

FACET DEFINITION BLOCK. If default facet definition is not desired, the facet may be

redefined using the facet definition block. The block header is one card in the following for-

mat:

Columns Description

1-4 'FACE'
5-19 ignored
20-25 blank
26-80 ignored

S(One card followhig the block header defines the facet. The format of this card is:

Columns Description

1-4 blank
5-9 ignored
10-16 facet area (default - 0)
17 ignored
18-24 facet normal - x (default a 0)
25 ignored
26-32 facet normal - y (default a 0)
33 ignored
34-40 facet normal - z (default - 1)
41-80 blank
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EiD BLOCK. The end block terminates the program. The format ct the block header is

the .ame as that of the end card.

Columns Description

1-4 'END'

5-80 blank

This block does not, need an end card.

9I
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Appendix IV
INSTRUCTIONS FOR USE OF PROGRAM

WITH SAMPLE COMPUTER OUTPUT

The program documentation in Appendix III, together with the sample computations in-

cluded in this appendix should enable the user to (1) modify this program to accommodate the

reauirements of his own computer and (2) verify output from his modified program by com-

parison with the samples given herein.

Note that the input parameter values shown in Table il are the ones with which the program
has been run.

Sample outputs presented in this appendix include

(1) a listing of the input information (Table 1IM)

(2) the computed output of the program (long form) (Table IV)

(3) a short form of the computed output, containing only that information necessary to feed

into a computer program for the purpose of obtaining plots of the data (Table V)

The three tables mentioned above appear at the end of this appendix. All of the sample in-

formation is keyed and labelled so that elements may be identified easily. However, the further

descriptive detail below may be helpful in studying the samples given.

RHOPRIME Input U/stkng

The following items appear across the topof Table 11. Or. line 2:

o - real part of index of refraction

k = imaginary part of indez at refraction

PXl =cross component (2pIi)} used for surface model

Px2 = cross component (2pil)

PV * volume component used for volume model

SIGMA a generating function parameter
7, RPO . generating function parameter

"And on lIne 3:

r a dudoing and obscuration parameter

no shadowiag and obscuration parameter

Qi - generating function parameter

Q2 a generating function prameter

loliowvig these items in Table IIist the P'(, 8# e.)cog2 8eA tabulation which, in this

cae, was extracted from measured data and determined from the zero bistatic scan. Alteorna-

tivuly, suc a tabulation can be generated byuee o a fgeseratingtoaction specifled in the SUBROU-

-Thu FUNC.

SI i a I I I l l IN I I l l I l I 6



Note in the sample input informnationm of Table Mthat values are provided f or P am P
and also for PV-, In practice, px1 , and P x2 will be used or pVwill be. used; 2.11 three values

will never be nonzero simultaneously.

I the table is supplied as part at the input, the parameters SIGMA and RPO are set to
fl and Q1 Q - 1.

-Ahe aA2# A 10 AC6&A tabulation is folloWed byF scan roeqiat lidormation telling
( I n a na a

the computer what sozrce-receiirer combination are to be competed and what model is to~be

selected:

9. 0 for source

z*for source

8r intaital 6 for receiver

Ir2l maxlm 6 for, receiver

# =#for receiver
#2* 0for receiver (value for second scan)

00-size at angular step for O
A * semi-major axis at polarization ellipse, (nornmalzad to 1.0)
3 a semi-minor axis ci polarization &.!ipss (B =0 Implies Unwar polarization)
Rat sangis ad suorce polarization
P - percent Polarization (1.0 100%)

WI w mat~erial inexg

MW-7 for Comined modeL (When vokuns nwk Is u sedat p~ x I PX 0.)

Maet tha In addittom to thweinput parameters, others metbe added la the IUBRUfXTIN

DKO DP depiariaiatioma for perpsadicelee and parallel eapsmras of [WNW~e beam
f v = ylwm model paraSwetO?.

For the, materials in the snample lsim~a vaba for DW@, 01M0 . said g haew beftm et equal,

ftix-f (ton Form)

As exemp~led by Table IV, each pop of the computed -upe coo. p~ to one msawe
receiver coatiguration. sIngm at the eppr Idf ane aN-expkinadory. Noweaer a Sboal be
hooase in mind that MAJOR refers to the semin-ma~m eilIfteal axs (a). w~hich S taken to be
Lk. Maes IM%~ which refere to tOe seini-miaor axis (%, is 0, the MAMO-)UNC cognbine-
Ut~ Iilpes ineaw Polauftsat w"t polerntiath -,% P far ftheifta beamt. HAuDEDa

*,bsnintPaiarwasio isIsUa~on*.



The entries in the three mnain columns are reflectances From the top, the first four

entries in each column are the surface miodel elements of the Stokes vector which describes

the polarization state of the beam as it leaves the target:

A ato1aW reflectance

B - reflectance with receiver polarization angle -0 (perpendicular polarization)

C reflectance wah receiver polarization angle =45 0

D =reflectance with receiver circularly polarized

The second four entries, btill In thie surface model block, are

A .B reflectance recorded from receiver with analy'zer set for perpendicular polarization

A-B
z reflectance recorded from receiver with analyzer set for parallel polarization

AL zangle of polarization for reflected beam

P - percent poL~ar~alion ad reflected bea=

Thus far ýhe first two blocks of four entriets have been discussed. The foregoiag, as pre-

viously stated, apply to the surface plus L~ambertian volume model.

TheA third and fourth blocks apply to the non-Lambertian volu~me model and are to be inter-

preted lin exactly the same manner as above.

The firth and stithi blocks consist of the sum ad the surface 4 volume uodels and are printed

out f camvenlanc.
Noet that in the volume model output and In the sunmmed outpli, Item D) (circularly-

Polaized Co pne) is not present.

Computer Ouitput (Short ]Porm)'
The short form of thes computer output consists of the Information in the last four entries

of the sumnord output (surface + valumne), AUB ABP (see Tvabl, V). Moreover, the
data are compressed so tha, whereas the Lc form has only one source-receiver configuration
per pop, the short form contains a complet sean ws one block.

One me=m Cosist of tow U'601 numabers. Prec'sdtg each of fte first two Item nombers in
*ek seas are

Waveleagth 0.06 gsm)

*, 00corISO)

7ue first fte- number in eact seas contaias y-. Eachw et ry is preceded by the O
scAs a l-..,0.0, 0.0208 waano thst the relectance at 0 ,0 to 0.0268. 'Me second Roem
woober contains AD77W third Item nuamhe contains the volaairatioo aWI*e, AU~ at each
receiver on&e. The fooath Roem nsmose cnastaio thes percent jpoahtuition.

TMe soams we' to the "am oversil cm do as dhoe In the Iong forsm of the outast
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isa a a a , r a a

<CC 000
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C ccc c C C c

C 00? - ~r: -

- -.-

__ F,
rrae* a a 06 *,

Z 0U.~U- ~ UJ 1 U U LU - S - - U L U 00U
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OkQc O 0 c N mO cC c po 40 a on taa Rf0ch

C- C a:
* C C e C _ o -V C C C

C . , 0 1 o a 0 C

c. 4ý C cc C 0 c 0 oý CDc ccC a C2 a C. C 0aaC
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Appendix V
RHOPRIME PROGRAM LISTING
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3pmifPa1wE is oF ne~im.73
I ~OTMENAV1N K(M)'( #()03,flRC3I,LAAEL(15),TARLF(0OM)
2 __ _ ___ EPUTVALPNtE (TAOILFP4) _________________

3 PdITFGFR C1DFTARt.ES/'TARLh,#CfMP/SCr¶MPI/,FknflhE4 */PICANT/'SCANdI/
A PJVTFGFR TTTLE/1TITh' ,,FALET/1FACE1/

6n-m/cP/3 'PotMO W1IqO.T %E.1*BE1,1l142nS.I1.5.1,PTEN.1t4

a ~~DATA ~/~L.e1O.P'./¶i....10

tz c

!4. 1110 FmRKAT(A4*.15Xo-Ib)_____ ____________

16 PIG ~Fp*AT(t1'dJO4AL TFRO0I4ATI1NI)
17 140, ~F~mRAT(f1 . *.... ENI4D(OF.VXLE E$CflU4TFWFDI)
Is ISO FI9RmAT(0j1,'***.. TAdLE REAM FROCQ -- CnNMITIlt4 ClDF -4,F3.0)
19 170 FMRWAT(#1,'...** NAA'41iG O~F IN' COMP~ITATUM RtUuES'S')
PO 1*0 FflAMAT(9jt1,@**.. INVALID CAwM TYOEI)

1- 21 i@t9A''.n*VF 14 1CAN U)AT&*)
VIC0 ~FlMAT(15A4)

>5 C DATA ALMCg (0EA-I" 00#43f

31 C.....
Ii lftlt ZV~tOf1E *~ TAPL!)GflTO Ifiof ______

Ircrc OCT. 0.040S in *ate

is SM O *84.

-. ii - CC "W#U??AINSV qUENT .__________

£v45?&" tole in 3"
41 uU#A

41 ml. CMI E2 k)G nSe

$r Ad(.6? 0.414 a .

41 PFC10 Af. 0.01,4 a Go$A

49 10%4 CAL

1*~~~6 0.01)60 TM____SOO,)_____

47 6M TO2"f

49 c TITLE SpEe#c*?1'1w - -

ilkS



A ALI ku 1'1(1 Aqtl on m n. M# .no ',I

A. 1.0

70 L FCFT DrFTsiTTuN4

75 C.....

76 C OGNA TcQ-j-ATI"N
77 C**..'

713 ~ 1 ~ j MO *~LtN;. cNfl)r% 71' 4040
79

CALL AYT1

s1 .*****

13 IV(1f~um .NE. Fw~)PU rlin 
1

ua
6f Tj I A A

c C sPUjA1191 PwARE
0Q C

01 Tel a *To/r%7.aa?7

Iml a Jqjq97,eqa77
@6 PM1 x PAN/97*iO577

@5~ z * (b qfV
t P~l x ja b

Imi 1)(31s a fjC~

I c~sae.oAuOr)

1M7 P41fl a 05?)*!5 7*,qq77

1Ing C ",'*eS

1i2 C""

Lis C L* N * u*

lie ~CALL flUTPhIT flit, S# 1mfPupVh.A.,,.Oa~pq #P41 MN4,~eLAP)

iin T M041r,(1541,1040

li E**** -



1?4 C*.**.

22-CALL AUW3k1(LAAtLf-M. 0q -'.Ifl 1-f f__ -1-101

CC

129 C

STOP 0Ago
13) sOft .. 1TE(Q.1%o)CC

* - STOP *0010

136 STOP *030
111 SnaS *D1TE(O.1'001
136 Qft TO 169M

140 3700 4090

14L 31#fdUI1JTT~4r TNflATA(I4MT&?,C)

144 LeUTV&L~mCE CThAt.Y.TAfs
14b RFAL mot
185 I06TEGFR1.SCl~Ff/E~ IAFAG.,LIAt
147 DATA ~&RIAI,-
148fNo Il.,.AL~~~l1,2.t,2.l
1It*~~.
I'qG C FM.RWATS

191  C....*
:z19 11 FflUMAT(A4.4WvYZ.7FIfl.I)_______

1153 It* PFMOAT(Ai..XJAEIG.Vi -- -______

1%4 LAO FRO094TC/4 ***.. wAUf1IkG -- A*4LFS OUJT Up nfRnt*'.,/l

156 C'.****

161 160watC P.~ AICIA, FMixA04Q I -M~ A oN i pXo~t.j~to

16a I'(CeUn W~Q. Fkm)*EYU3.
* 163 IF(COME QE. wATRIGM TO 6016

Al GFTAO a 9.

168 MOLW MATWqTAL COw5TaW19
149

ATARL1IuS5,"44

TAS(tgwg*3) Oi

.174 T*WLE(.33,o) a fl6ax ,1753

1717

YABLUM01+81- a M* 7 -1



lb%A 3 A

111 ti I (rLjfrt Cj. FNn)r~U 7r1 ! P

loe ~ ~ ~ f ng I IQTA0.111!1

1 C), qtlL I"" o

107 Gn TJ l1lft

ld'' C*****

213 8  L3f cr I3 9
2eOC1.*

210

ell ~ c *m2 Cra

21dL) -01 TT)ifl.1ROl.G
al lt~(, 3m ~ *r v .0

217 twoU 0.

'06 311600T11* ?U4VSL

211 CIMlo)



240 IM20 0113 a0.
241 PM 2 100.0
242 PQTFP a z .
4i6LJ 0~30 IF(PSTED *LT. S.OIPITFP z *

,)44 I(TSyEP LT~. 2.oiyqijFP * 2.Q
245 LF(14 .67. 0.01"i 8 L.0
2 4 O IF(W *LT. O.DIM a -t.fl
287, IF (1 AM. 0.01A a 1.0

2IF j($4 Lf2. 0.016 a 0.0
249 Pq a9q

2W~iIF(CUME .4E. Fmnf)C4 Tfl 1040
2K2 C~****
21;3 c uCoEhqE~dT TwfTA
244 C*****
2155 2"ff0 Tft Z 713TqTrP

21% IF(TD *LE. TDF)3ETUet*
2w,7 C*****
2-a c INCRE'dtvT PRu!

z2.9 C **...
240 Pn 0 PD+PTVP
24h I 1F(P0 rE. PQV)93 7l 10Ml0

262T"~ ' uq

ZAS Cf* ' I.

gA6 Sr&'4 CO-PLTXLt
247? C**
268 jO8ft cc a A.01

270 aFyIW1i
271 C*.****
28 c EfW~fl 004'ftfLTM&
g 73 C**~**
276 9400 cc a it.*
275 E~1P3~ a *9..9
276 R7.~

goo EGUTVALri,!E (?Am1LF,WT&Gj

2m* C TMIS 4V*W¶UT11dk k(PTSWIvF* 06ATO R""9 TASLI
24? C 14PIITI

is$ C 3(5) * w-C3(uTA)

20,9 aCn3C9FAMAV

206~



-3F 9?vO "' t'4 Ln(O) *T

S C*****

SM7 I u' 19(" 1 -op ¶ i . T! *. 0 fUS .t u~

311 qtd)

31 S- a) z I l (Q +A
i 14 a(1 = IAS

31 b d = Ia 5

3L7 *kJO TABLELWAUS+B)

u qr rA6 E(-04#,I

20.0

,3 24 *'

spa jr1(C4& .1IL. "V)f'U I" 'CO"u
S;01ý ~ 41 z 2 *1

-. 7 ir(1A .-. ¶V~u U' 0

j~ A5 Cr~ )I% LF k.a~v o Ut1m,.r

3,12 0 41 I ALPV1

* 3
j ~ 161 , W.1 rA*(?ARLW(It34fl-TAULFtIw14I)4TAotE(Kllt)

34a CAMPUTt USO. "P~oo* F#. Go(.irulolip - 19 QIr4A -a O

341 C*.*S*

A441 3pA owl& a A*.~jSrCnS")
349 dFlati a j~(~
J119 CALL FuMVCf4

191 mFl#f14'
i W a~ E.D

C1342

Ov~t "It,0



340 C*****
341 C MAT

Poi LMO FnQ1ATCO *&*** FAtE? 4UT.VrjTLxrF.)

3A6 !t a At

3A 1

3741 ~ 3

376 C*.
377 0C4TG n14

374t q'r ~ v~t.3 aq

3~010e~ A.ft
Ptj Gi T(] 1nt"

SAS Tt T fmkwva

3m*' YA r is) U C1sep"*.qjm7.)

300 YOO) 9 .
301 G'I 7Q IM300
$02 18ift CALL CQM3*('60v&tO1)

ift C...

J07- 16AeR ~ )o1 .4.8,0401 .no. 46eC(;~j-qC41) 17h.. 0.60*11

J4aW

041 03() a W(A()

F44.7 I64 M aAL CR'qVA I
4*5 X&M a V~f40%WA)
4*8 .ACI) a -N(At)

4*3 100CL CMR'~p

*tt 0310 .xC9

OIs less Pag(pft#( .6T. 1.660# *Opw, A01U(P()4iC2) 3 .91. 0.49*11

418 aAP(II a W(P)

Al, NAPMS 9 V(VI)

t "t'



's 2Te x V~vlR(V&OrvAp)

4)9 YAPOI v 2 3

41 C*.****
c

414A C C S x*i)yV

P41PL a i;1-AQC'ISrinTeXhP.rl*TG(~ (APU)
a43pelVE z pq .om fn f~ l*T1(lj(~l)

LAS rw~cot .6r. 0.0601 AUD. & ('(~?J.U'Cl))).~

IPA.h ME A.*Ltu~t %U-A1a.

avr 6m a III^aL~
V; 1 114 A(?l r e.G~l

a%3c3 a CYASIP

*';$ 1114 b ) a *?tceup7.Cgqs D.,,1
O4 CFl 9 ACSSC)"aRWIEDg1

a?.o'a a c'.0o

445 ~ ~ CLI r3(fCUNLT.0011 ACl,0 -PP~ T .01

46 1 1@UO

44. LT 0.4t.00.14M'PPl LT .11



CALL Co"t "1S'M .C A,7)

10a.n LT.0 SO Of

tooo
&Parirk LMC

oft Ceti~L I~*l (e fvj 6o"%o

4V"I CO&IL w.IMT6tlA@*UA
%A i kVt 1044 1 &
see - C 0 (1 1 .

"jCMI, 64's OtFtqI4 FaftC1SMUft C)1 "O

btOWll *'A *.*44*N" ~ r mls

lit*lt

WIR ip.tv *0 a1

Sft i. tooCl 0 - .S -

S%-----

310 a, -*fCo~

4jito PP~*a k"#lIio T% ~~5W9
51?'OW OalT

bit *-I *A. *~?~~?JC i~154

nf rwttpgsl,~fIlC~T

i,~ C...j



xrC ~ A.4 up* ~ A. Ti~ *'rL. nft*Aft)5Ttl 2

3A~)1 a f4%j l

VtCA .1:r a At. A&
9 

j m Q

Sig

SS I e

in* Ia aJ~~Ct~Sb

S42 ~ .,*

S7Q C 4T 4f

a SVO.tI39W

j,~r~ * Y~5 Alf

~~7. al ca*TI



it t *fB~(~t*. a L 7 a .A1O 6tT t*

Gov TV9 4 1o4
Me 5,lsaA~J

ml.6ft To ifte

(es &ft* TtwTn

649 jr.T. i 9t LT. ke)"O ex11~s rm

Ow Ow a, ap*"*

*jL ELI pue'l aI , "a

# T"1 to. t 4avo

X4 . ~

~7M~ - I

-4i - -



boII 'A V3*5 N( I .C )

*
7
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